determination of lidocaine and its metabolites in plasma and myocardium. J Chromatogr 1984;311:291-9 In 1997, Lo et al. (1 ) first described the presence of fetal DNA in maternal plasma and serum. Cell-free DNA offered a new source of fetal genetic material for noninvasive prenatal diagnosis. They developed a real-time, quantitative PCR assay to measure the concentration of fetal DNA and analyzed SRY, a single-copy Y-chromosome-specific sequence, to quantify the number of genome-equivalents per milliliter of blood when a woman carries a male fetus (2 ). The results revealed that the concentrations of fetal DNA in maternal plasma DNA during the first and third trimesters were 3.4% and 6.2%, respectively. They estimated a mean of 25.4 copies of fetal DNA circulates per milliliter of maternal plasma samples during early pregnancy. They also demonstrated that after delivery, cell-free fetal DNA is cleared very rapidly from the maternal circulation, with a half-life in the order of minutes (3 ). Thus, the relatively high concentration of fetal cell-free DNA suggests that extensive and timeconsuming fetal DNA enrichment procedures would not be necessary when using fetal DNA from maternal plasma for diagnostic purposes.
In 1997, Lo et al. (1 ) first described the presence of fetal DNA in maternal plasma and serum. Cell-free DNA offered a new source of fetal genetic material for noninvasive prenatal diagnosis. They developed a real-time, quantitative PCR assay to measure the concentration of fetal DNA and analyzed SRY, a single-copy Y-chromosome-specific sequence, to quantify the number of genome-equivalents per milliliter of blood when a woman carries a male fetus (2 ) . The results revealed that the concentrations of fetal DNA in maternal plasma DNA during the first and third trimesters were 3.4% and 6.2%, respectively. They estimated a mean of 25.4 copies of fetal DNA circulates per milliliter of maternal plasma samples during early pregnancy. They also demonstrated that after delivery, cell-free fetal DNA is cleared very rapidly from the maternal circulation, with a half-life in the order of minutes (3 ) . Thus, the relatively high concentration of fetal cell-free DNA suggests that extensive and timeconsuming fetal DNA enrichment procedures would not be necessary when using fetal DNA from maternal plasma for diagnostic purposes.
Although the potential of fetal cell-free DNA analysis for the prenatal diagnosis of fetal gender (2 ) and rhesus D status (4, 5 ) has been presented, the accuracy of prenatal diagnosis has not been described. If fetal gender could be determined, the number of invasive procedures required to determine X-linked genetic disorders would be reduced. The present study evaluated the diagnostic accuracy of fetal gender determination using cell-free DNA from maternal plasma obtained at early gestation.
Pregnant women (n ϭ 302), carrying a single fetus between 7 and 16 weeks of gestation, who attended Showa University Hospital between February 1999 and September 2000 gave their written informed consent to participate in this study. Approval for this study was obtained from the ethics committee of the university. None of the women had vaginal bleeding. Fetal heart movements were detected in all of the women by transvaginal ultrasonography.
Maternal blood samples (10 mL) collected into tubes containing EDTA were separated by centrifugation at 3000g within 3 h. Plasma was transferred into plain polypropylene tubes and again separated by centrifugation at 3000g. The supernatant was collected into fresh tubes and stored at Ϫ20°C until further processing.
DNA was extracted from 1.5 mL of plasma samples using QIAamp Blood Mini Kit (Qiagen) according to the "blood and body fluid protocol" with minor modifications. DNA was eluted from columns with 50 L of water.
Although a real-time quantitative PCR assay using an ABI PRISM 7700 Sequence Detector (Applied Biosystems) for maternal plasma DNA analysis has been reported by several investigators (2, 4, 6, 7 ) , we used a LightCycler (Roche Diagnostics), which is a reliable method of DNA quantification (8 ) . The Y-chromosome-specific sequence, DYS-14, in male fetuses was used as a molecular marker to quantify fetal cell-free DNA (9 ) . The PCR system for the DYS-14 sequence consisted of the amplification primers DYS14-713F (5Ј-CAT CCA GAG CGT CCC TGG-3Ј) and DYS14-880R (5Ј-TTC CCC TTT GTT CCC CAA A-3Ј) and the dual-labeled fluorescent probe DYS14-883T (5Ј-FAM-CGA AGC CGA GCT GCC CAT CA-TAMRA-3Ј). The fluorogenic PCR reactions were prepared according to the manufacturer's instructions in a reaction volume of 20 L with all components except the fluorescent probe and amplification primers obtained from a reagent set (LightCycler-Fast Start DNA Master Hybridization Probes; Roche Diagnostics). The extracted plasma DNA (13.1 L) was used as a template for each reaction. Thermal cycling was initiated with denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 57°C for 20 s, and extension at 72°C for 20 s. The number of copies of male DNA present in the plasma sample was determined by comparison with a calibration dilution curve of male genomic DNA. The number of copies used for conversion was 6.6 pg, as described previously (2 ) .
Amplification data were analyzed using LightCycler software (Roche Diagnostics), and the concentration of the DYS14 sequence was calculated. Fetal gender was determined according to the presence or absence of the DYS14 sequence in a blinded manner. Strict precautions were taken against contamination, and multiple negative water blanks were included in every analysis. A female staff member performed all procedures, including sample preparation, DNA extraction, and PCR amplification. Fetal gender was confirmed at delivery or through the cytogenetic results of amniocentesis. Results were analyzed statistically using Excel 2000 (Microsoft).
Copies of the DYS14 sequence were determined by comparison with a calibration curve of serially diluted, male genomic DNA. The relationship was linear when the threshold cycle was plotted against the input target quantity, with the latter plotted on a common logarithmic scale. The correlation coefficient of the calibration curve ranged from 0.956 to 1.000. The calculated day-to-day CV of the system starting from DNA extraction followed by quantitative PCR was 5.3% (n ϭ 7). We added 1000 copy equivalents of male DNA (6.6 ng of whole blood DNA) into the plasma of nonpregnant women and evaluated DNA recovery after extraction. The recovery rate of male DNA averaged 66.0%.
We analyzed a total 302 maternal plasma samples in a blinded manner (Table 1) ; 143 of those were carrying male fetuses, and 159 were carrying females. The DYS14 sequence was detected by PCR in 97.2% (139 of 143) of pregnant women bearing male fetuses. False-negative results were found in four pregnant women at 9 (two mothers), 11, and 13 weeks. The results of a reanalysis of the plasma samples from these pregnant women corresponded to the correct fetal gender.
The overall sensitivity of determination of male gender from maternal plasma was 97.2%, the specificity was 100%, the positive predictive value was 100%, and the negative predictive value was 97.5%.
The quantitative findings for the DYS14 sequence in mothers bearing male fetuses are shown in Fig. 1 . At 7 weeks of gestation, the DYS14 sequence was detected in eight of eight pregnant women, and the mean concentration of fetal DNA was 28.0 Ϯ 17.7 genome-equivalents per milliliter. Between 7 and 16 weeks of gestation, the mean concentration of fetal DNA was 37.5 Ϯ 32.1 genomeequivalents per milliliter.
Fetal gender is detectable through analyzing maternal plasma at early gestation. The false-negative samples yielded the correct results after reanalysis. A low concentration of fetal DNA or the relatively low recovery rate of DNA extraction might have been responsible for the false negatives. A more reliable DNA extraction procedure should improve the accuracy of our procedure, and if all analyses are performed in duplicate, results may be improved.
Defining fetal gender from maternal plasma could be useful in the management of pregnant women who are heterozygous carriers of X-linked genetic disorders. When testing reveals that a fetus is female, the pregnant woman would be free from risk for an affected baby. Noninvasive prenatal gender determination would reduce the number of invasive procedures by one-half.
The mean concentration of fetal DNA in 143 plasma samples from mothers bearing male fetuses was 37.4 genome-equivalents per milliliter, which is a little higher than reported previously (2 ) . Even at 7 weeks of gestation, the mean fetal DNA concentration in maternal plasma was Ͼ20 genome-equivalents per milliliter, and the amount of circulating DNA in maternal plasma would be sufficient to analyze fetal gender.
In conclusion, this is the first description of the diagnostic accuracy of fetal gender determination from a large number of maternal plasma samples obtained at early gestation. Because this test is noninvasive and highly accurate, it can be used as a valuable first step in various clinical settings.
